It is generally assumed that antibiotic residues in soils select for antibiotic-resistant bacteria. This assumption was tested by separately adding 10 different antibiotics (>200 ppm) to three soil-water slurries (silt-loam, sand-loam, and sand; 20% soil [wt/vol]) and incubating mixtures for 24 h at room temperature. The antibiotic activity of the resultant supernatant was assessed by culturing a sensitive Escherichia coli strain in the filter-sterilized supernatant augmented with Luria-Bertani broth. We found striking differences in the abilities of supernatants to suppress growth of the indicator E. coli. Ampicillin, cephalothin, cefoxitin, ceftiofur, and florfenicol supernatants completely inhibited growth while bacterial growth was uninhibited in the presence of neomycin, tetracycline, and ciprofloxacin supernatants. High-performance liquid chromatography (HPLC) analysis demonstrated that cefoxitin and florfenicol were almost completely retained in the supernatants, whereas tetracycline and ciprofloxacin were mostly removed. Antibiotic dissipation in soil, presumably dominated by adsorption mechanisms, was sufficient to neutralize 200 ppm of tetracycline; this concentration is considerably higher than reported contamination levels. Soil pellets from the tetracycline slurries were resuspended in a minimal volume of medium to maximize the interaction between bacteria and soil particles, but sensitive bacteria were still unaffected by tetracycline (P ‫؍‬ 0.6). Thus, residual antibiotics in soil do not necessarily exert a selective pressure, and the degree to which the pharmaceutical remains bioactive depends on the antibiotic. Efforts to control antibiotic contamination would be better directed toward compounds that retain biological activity in soils (e.g., cephalosporins and florfenicol) because these are the antibiotics that could exert a selective pressure in the environment.
Antibiotic resistance in bacterial populations is an inevitable outcome of using antibiotics, and consequently prudent-use practices are strongly advocated in both human and veterinary medicine. Antibiotics have been used for therapeutic, prophylactic, and growth promotion purposes in livestock production (1) . It is difficult to determine how much of the world's antibiotic production is used in agriculture, but the World Health Organization estimates that at least half of all antibiotics are used in food animals (36) . In 2009, the U.S. Food and Drug Administration estimated that 13,067 metric tons of antimicrobials were sold or distributed in the United States for use in food-producing animals; over 60% was represented by tetracyclines (Tets) and ionophores (8) .
Many of the antibiotics used in food animals are at least partially excreted as biologically active compounds in urine and feces, where they presumably can continue to exert a selective effect on soil-and waterborne microflora. For example, Kumar et al. (18) reported that 10 to 90% of the antibiotics administered to feedlot animals are excreted unaltered through feces and urine (manure) and thus potentially reach soil and water. Kemper et al. (13) reviewed several studies that reported veterinary antibiotic residues in the aquatic and terrestrial environments associated with agricultural lands.
Importantly, antibiotic residues are distributed heterogeneously both at a microscale (animal pen) and at a regional scale (e.g., feedlot versus pasture). Thiele-Bruhn (34) summarized a range of reported antibiotic residue concentrations in soils that varied for macrolides (0.0085 to 0.067 ppm), sulfonamides (0.001 to 0.011 ppm), trimethoprim (0.0005 ppm), fluoroquinolones (0.006 to 0.052 ppm), and tetracyclines (0.039 to 0.9 ppm). With the exception of those for tetracyclines, these values are below what has been proposed as a biologically effective concentration (0.1 ppm or 100 g/kg) for feces and soil but well above the 0.0001 ppm considered the biological threshold for groundwater (32, 34) . Hospital effluents may contain higher concentrations of antibiotics (e.g., 0.02 to 0.08 ppm ampicillin [Amp] , 0.0007 to 0.125 ppm ciprofloxacin [Cip] ) than soil (11, 19) . Using an in vitro model, Chander et al. (4) found that high concentrations (500 to 2,500 ppm) of tetracyclines in soil can select for antibiotic-resistant strains of Salmonella sp. and Escherichia coli, but it is unclear if concentrations this high are found in the environment because most studies report lower concentrations (12) .
It remains difficult to ascertain the true biological impact of antibiotics in the environment when residual concentrations are the primary metric of concern. Furthermore, several studies have shown that the proximal-spatial distribution of resistance genes is consistent with animal production facilities being a source of the resistance traits (15, 22, 23, 33) . It is unclear, however, if the higher prevalence of resistance genes proximal to production facilities is due to selection from environmental exposure to residual antibiotics or simply due to the higher concentration of resistant organisms being shed from the animals themselves. That is, the presence and abundance of resistance genes themselves do not unequivocally demonstrate selection in the environment.
The motivation for the current study was to further examine the biological impacts exerted by antibiotics in soils; i.e., to move beyond the level of simply measuring antibiotic concentrations and assuming that the presence of a drug is equivalent to a selective pressure and therefore a public health concern. This is a particularly important question for regulatory bodies that need to determine regulatory thresholds for antibiotic residues or contamination in the environment. From public health and economic perspectives, there is no reason to incur extra monitoring or mitigation costs for antibiotics if they do not exhibit a significant biological impact. In contrast, antibiotics that continue to exert a biological impact in the environment may warrant considerably more attention.
The model employed in this study was a simple one whereby we added a relatively high concentration of antibiotics (Ն200 ppm) to soil slurries and measured the concentration and inhibitory effect from the supernatant after a 24-h exposure period. We expected to find that most antibiotics would remain biologically effective at these high concentrations, and our intention was to characterize the decay of this activity over time and under different conditions. Contrary to our expectations, these experiments demonstrated that from a biological perspective several of the antibiotics tested are effectively neutralized upon contact with soil in a process that appears to be dominated by adsorption. Importantly, however, representatives from two classes of drugs (␤-lactams and florfenicol [Flo] ) retained biological activity after exposure to different soils and, consequently, may represent an important and unappreciated factor in the selection for antibiotic resistance in soils. Soil characterization. Three distinctive soils were obtained from different locations in Washington State (Table 1) . For the soil slurry experiments, the soils were oven dried and passed through a 2-mm sieve. After thorough mixing, the soils were placed in individual storage containers and stored at room temperature. The air-dried soils were characterized following the methods of Paternostre (21) . Soil textural analysis to determine the fractions of clay, silt, and sand content was conducted using the hydrometer method of Gee and Or (10) after dispersion in sodium hexametaphosphate (50 g/liter) and using a standard hydrometer, 21 ASTM no. 152 H, with the Bouyoucos scale (g/liter).
MATERIALS AND METHODS

Ten
Air-dried soil samples were characterized in triplicate. The pH and electrical conductivity (EC) were determined by preparing a 1:1 soil-to-water ratio and allowing the samples to reach equilibrium at room temperature (30) using an Orion Research 811 (Boston, MA) pH meter. Electrical conductivity was measured using a digital conductivity meter (VWR International, Bristol, CT). The total carbon (TC) content was determined with a Leco CNS analyzer (Leco, St. Joseph, MI) using air-dried and ground (to pass through a 1-mm sieve) soil. No carbonates were detected, which allowed us to consider TC as total organic carbon content (TOC). Cation exchange capacity (CEC) and extractable cations (Na, K, Ca, Mg) were determined by the Analytical Science Laboratory of the University of Idaho (Moscow, ID) using standard methods. CEC was determined using the flow injection analysis described by Ruzicka and Hansen (27) while the extractable cations were analyzed using the method described by Field et al. (9) .
Soil slurry experiments. Soil-water slurries (Ϸ20% soil [wt/vol]) were prepared in glass tubes by mixing 1 g of soil with 5 ml of 0.01 M calcium chlorideamended nanopure water (with and without 1 mM sodium azide). Antibiotic stocks were freshly prepared, separately, in dimethyl sulfoxide (DMSO) at a concentration of 10 mg/ml. Soil slurries were spiked with 200 ppm (equivalent to 200 g/ml) of each antibiotic in separate tubes, but 1,000 ppm was used for sulfadiazine and sulfadimethoxine to achieve growth inhibition (the MIC of sulfa drugs is over 512 ppm for the E. coli K-12 strain). Then, the slurries were mixed well (vortexed for 30 s) and the tubes were wrapped in aluminum foil and incubated on a shaker (150 rpm) at room temperature (23 to 25°C) for 24 h. After incubation the supernatants were collected by centrifuging the slurries at 4,000 rpm for 30 min. Supernatants were filtered with sterilized syringe filters (0.45 m polyvinylidene difluoride [PVDF] ) and placed into 2-ml amber target vials, and the remainder was stored in 15-ml polypropylene tubes. Calibration curves were prepared in 0.01 M CaCl 2 in nanopure water and analyzed using high-performance liquid chromatography with an ultraviolet detector (HPLC-UV). All experiments were done in triplicate (three independent replicates). Soil slurry experiments were completed in their entirety with the addition of 1 mM sodium azide to limit any potential biological degradation of antibiotics (26) . Difficulties with precipitation of sulfadiazine and sulfadimethoxine precluded their analysis by HPLC-UV and we did not have a suitable method for quantifying neomycin by HPLC-UV.
Biological activity of antibiotics in slurry supernatants. The antibiotic activity of each supernatant was analyzed by using E. coli K-12 as an indicator organism. In this assay, the growth of E. coli is negatively correlated with the recovery of antibiotics from the supernatant. Briefly, 100 l of filtered supernatant and 100 l of 2ϫ LB with E. coli (10 6 /ml) were added together into 100-well plates (5 wells per sample). The plates were covered and incubated in an optical density (OD) plate reader (Bioscreen, Torrance, CA) at 37°C with the OD measurements at 595 nm (OD 595 ) collected every hour for 24 h. We quantified the MIC for the E. coli strain used in this study by identifying the approximate minimum concentration (by 2-fold dilution) at which growth is fully inhibited for 24 h (ampicillin, 4 ppm; cephalothin, 4 ppm; cefoxitin, 2 ppm; ceftiofur, 0.5 ppm; ciprofloxacin, 0.125 ppm; florfenicol, 4 ppm; neomycin, 16 ppm; tetracycline, 4 ppm; sulfadiazine, 512 ppm; sulfadimethoxine, 256 ppm).
Hydrolysis of antibiotics in water. To determine if chemical hydrolysis contributed to the loss of antibiotics over the course of these experiments (24 h), we determined the magnitude of hydrolysis as follows. We prepared pH buffers by adding 0.1 M acetic acid to 0.1 M sodium acetate until pH 4.3 and pH 5.7, or by adding 0.1 M boric acid to 0.1 M sodium borate until pH 8.0. Samples were prepared in triplicate by adding each antibiotic into a 2-ml amber target vial and the buffer was added for a final concentration of 200 ppm (fresh antibiotic stock was prepared as described above, 10 mg/ml in DMSO). The vials were vortexed for 15 s and placed at room temperature for 24 h. After 24 h, the samples and calibration curves (prepared in each pH buffer) were analyzed using HPLC-UV. 
HPLC-UV.
An Agilent HP 1100 with a diode array detector was used to analyze all samples with the exception of neomycin. The mobile phases were 10 mM potassium phosphate monobasic (KH 2 PO 4 ) in nanopure water with a pH of 4.8 (A) and HPLC-grade methanol (B). A Zorbax SB-C18 column (4.6 mm by 15 cm; PN 863953.902) was used and set at 40°C. The injection volume was set at 50 l. The concentrations used for each calibration curve were 1, 10, 100, and 200 ppm. The HPLC operating parameters, optimal detection wavelengths, and detection limits of the antibiotics are listed in Table 2 . A gradient was used and set at 1 ml/min (Table 3) . A 1-min delay between samples was sufficient to equilibrate the column before the next sample injection.
Statistical analyses. Triplicate OD 595 values (24 h) were compared for E. coli K-12 grown in supernatant from three soil types with each of 10 antibiotics. Analysis of variance (ANOVA), was used to test main effects (antibiotic and soil), and the interaction term (antibiotic ϫ soil) and Tukey-Kramer tests were used to compare antibiotic ϫ soil type against matched soil type (water with no antibiotic), with a P value of Ͻ0.001 as the significance threshold. We used ANOVA and Tukey-Kramer tests to compare the concentrations of antibiotics in supernatants from different soils after 24 h (triplicate experiments) and for the concentrations of antibiotics in water after 24 h (triplicate experiments). ANOVA was also used to compare log 10 -transformed bacterial counts from soil pellets. All statistical tests were conducted using the general linear models module from NCSS 2007 (NCSS, LLC, Kaysville, UT).
RESULTS
The three soils used in these experiments represented characteristics that varied in terms of pH (4.7 to 7.8), total organic content (0.24 to 2.27%C), and clay content (0 to 17%) ( Table  1) . As expected, the sandy soil had the lowest cation exchange capacity and the lowest total organic content. Most of the experiments described below included a parallel set of samples that were spiked with sodium azide to block any potential biological degradation of antibiotics. In the final analysis, the addition of sodium azide had no effect on the outcome of these experiments (P Ͼ 0.05 in all cases), so these results were excluded from further presentation.
Inhibition of E. coli K-12 after antibiotic exposure to soil. Filter-sterilized supernatant from each soil slurry was added to E. coli K-12 culture, and the growth of the bacteria (optical density) at 24 h was quantified. When an antibiotic is reduced to an effective concentration less than the MIC for a given antibiotic, E. coli K-12 grows. Therefore, when E. coli K-12 grows, this means that the interaction with soil has neutralized the majority of the antibiotic that was added to the sample. Supernatants from the soils treated with ampicillin, cephalothin, cefoxitin, ceftiofur, or florfenicol retained the ability to completely inhibit E. coli K-12 growth (Fig. 1) . Tetracycline, ciprofloxacin, and sulfadimethoxine retained inhibitory activity in the sand supernatant but not in the silt-loam and sand-loam supernatants. Sulfadiazine retained its ability to inhibit E. coli K-12, although complete inhibition was not observed (Fig. 1) . The biological activity of neomycin was lost completely after contact with all three soils (Fig. 1) .
Antibiotic loss is most consistent with adsorption. Given the assay that we employed, the most likely mechanisms for antibiotic loss are adsorption onto soil particles or other abiotic degradation, such as hydrolysis. Biological degradation was dismissed because of the lack of treatment effect with the addition of sodium azide to the soil slurries (data not shown). We quantified the residual antibiotic concentrations remaining in the soil supernatants and found significant differences between soils (Fig. 2) (silt-loam Ͻ sand-loam Ͻ sand; P Ͻ 0.0001), which was generally consistent with the biological results; higher antibiotic concentrations in the supernatant were correlated with limited or negative growth (Fig. 1) . We exam- 2  225  500  Cephalothin  3  240  100  Cefoxitin  1  254  100  Ceftiofur  2  285  50  Florfenicol  2  225  50  Tetracycline  3  357  500  Ciprofloxacin  1  277  50  Sulfadiazine  3  265  50  Sulfadimethoxine  1  268  50 a See Table 3 for group details for solvent gradients. The other antibiotics tested, including ampicillin (100% Ϯ 1.9% of initial concentration; average Ϯ standard deviation; 3 or 4 independent replicates per buffer), cephalothin (100% Ϯ 1%), cefoxitin (99% Ϯ 0.5%), ceftiofur (97.1% Ϯ 3.3%), florfenicol (99.5% Ϯ 1.4%), and ciprofloxacin (100% Ϯ 0.8%), showed no significant loss due to hydrolysis. We were unable to include sulfadiazine and sulfadimethoxine in the analysis due to complications with solubility and neomycin was excluded because we did not have a suitable protocol for quantification by HPLC-UV. Collectively, these results are consistent with the premise that most of the antibiotics are neutralized by adsorption mechanisms in the soil. To further test this hypothesis we compared a dilution series of soil-water slurries with the expectation that 200 ppm tetracycline would eventually saturate the adsorption capacity of the soils. Based on Fig. 1 and 2 we expected that silt-loam would exhibit adsorption capacity greater than that of the sand soil. The loss of biological activity across 2-fold dilutions matched this predicted order (Fig. 3) .
Adsorbed antibiotic does not appear to be biologically available. It is possible that adsorbed antibiotics are still available even when associated with soil particles. We attempted to assess this idea using two approaches. First, we centrifuged the soil slurries after contact with antibiotics and carefully added the soil (sufficiently moist to spread slightly) onto agar plates with a lawn of E. coli K-12. We observed no inhibition proximal to the soil, which indicated no evidence of growth inhibition (data not shown). We also centrifuged the soil after exposure to antibiotics, removed the supernatant, washed the pellet in sterile nanopure water, air dried the sediment overnight, and added a one-half volume of LB so that the pellet had a pasty consistency. To this pellet we added two strains of E. coli, one having plasmid peH4H encoding tetracycline resistance (3) and one an isogenic strain that lacks the plasmid. The soilplus-bacteria combination was allowed to stand at room temperature for 48 h, after which we quantified the CFU (log 10 transformed) for the resistant and susceptible strains of E. coli. ANOVA demonstrated that there was no effect from the presence of adsorbed tetracycline (P ϭ 0.64) and there was no effect from soil type (P ϭ 0.32). Interestingly, the bacterial count for E. coli with peH4H was significantly lower than that of the plasmid-free isogenic strain (P ϭ 0.006), which is consistent with the plasmid incurring a net fitness cost to the bacteria in the absence of antibiotic selection pressure (33a).
DISCUSSION
A number of papers have reported the presence of antibiotic residues in soils and water (12, 13, 16, 17, 20, 34) and these observations raise the distinct possibility that residual antibiotics can contribute to the proliferation of antibiotic resistance by numerically enriching resistant populations. In addition, new and improved protocols permitting the extraction of antibiotics such as tetracycline directly from soil are being published (2), allowing practitioners to detect antibiotics at very low concentrations. Other papers have reported a spatial correlation between the distribution of antibiotic resistance genes relative to agricultural animal production facilities (15, 22, 23, 33) , but when the two data sets are combined, it is still not possible to ascertain if residual antibiotics in the soil contribute to selection and proliferation of antibiotic-resistant bacteria (29) .
We tested the assumption that residual antibiotics in the soil exert a selective effect by using E. coli K-12 as an indicator for the presence of functional antibiotics after contact with soil. The simple soil-water slurry model employed here provides a conservative perspective on this issue. For example, photolytic degradation was excluded from our model, and the soils we used were oven dried and consequently did not provide a representative example of degradation due to biological processes in naturally occurring soils. Dantas et al. (5) reported that some component of the soil microflora can metabolize antibiotics and subsist in soil. Similarly, Rafii et al. (24) identified several anaerobic bacteria species in cattle feces that are capable of degrading ceftiofur. While ␤-lactams are less vulnerable to adsorption, they are vulnerable to biological degradation and thus the biological component of in situ soils may play a much more important role in the degradation of these antibiotics (34) . Consequently, the model we employed likely underestimated the degree of degradation or neutralization that could occur under natural conditions. Biological activity aside, it was clear that some antibiotics were removed from the soil slurry supernatant, and this most likely occurred via adsorption to soil particles. The soils we used incorporated variation in a number of different physicochemical characteristics, and soils with higher clay and total organic content were shown to remove antibiotics more efficiently than sand (Fig. 2) . Neomycin, which is commonly used as a feed additive for cattle (25) , was presumably adsorbed regardless of soil type (although we cannot discount the role of hydrolysis). Antibiotics, such as tetracycline and ciprofloxacin, were mostly removed from the silt-and sand-loam soils as confirmed by HPLC-UV.
The most important finding of this study is that, depending on the soil type, not all antibiotic residues are likely to exert a selective pressure on the soilborne bacteria. For example, a good deal of attention has focused on tetracycline residues in the environment (2, 4, 28, 29, 34, 35) , but our findings indicate that tetracycline is probably of limited concern. Preliminary results for other tetracycline analogs (chlortetracycline, doxycycline, monocycline) show that these antibiotics also exhibit a pattern similar to the sorption process described herein for tetracycline (data not shown). Others have also documented the importance of adsorption with respect to tetracycline (4, 14, 34) , and the clay component of the soil is probably responsible for most of the adsorption (35) . Given that it is possible to saturate antibiotic adsorption (Fig. 3) , the neutralization capacity of any given soil is dose dependent. In our experiments most antibiotics were used at concentrations 1 to 2 logs greater than the MIC for our indicator strain. These concentrations represent an upper limit of what would be excreted by animals after therapeutic treatment (18) .
Our results are interesting in light of the fact that some antibiotics are produced by soilborne organisms. For example, tetracycline, and neomycin are both produced by Streptomyces (6, 7) . Consequently, it is curious that antibiotic production in soil would include compounds that are so readily adsorbed to clay particles. Our final experiment indicated that susceptible E. coli could outgrow a resistant strain of E. coli when cultured in close proximity to soil particles adsorbed with tetracycline. If this is the case, what is the advantage of producing these antibiotics? We surmise that antibiotic production in situ can be biologically important in the immediate proximity of the antibiotic-producing organism. Under this scenario, adsorption capacity in the "local neighborhood" can be "saturated," thereby leaving free antibiotic to affect competing bacteria in the immediately proximal neighborhood. Bulk deposition of antibiotics (e.g., 200 ppm tetracycline) is apparently neutralized relatively quickly as a function of sorption mechanisms in soil related to clay and organic carbon content. This also suggests that for some antibiotics, the addition of clay or similar amendments to soils would work as a simple mitigation tool.
There are two important caveats to the findings described herein. First, we are assuming that E. coli is representative of soil microbiota when it is possible that some species of bacteria are exquisitely sensitive to very low antibiotic concentrations. In this case, the ultrasensitive microbes might serve as a reservoir for horizontal transmission of antibiotic resistance. Second, the dependent variable in our assay was growth versus no growth, but others have reported other potential impacts that might occur. For example, low doses of tetracycline are known to trigger transposon mobilization (31) , and it is possible that these events occur in soil communities. Low-dose exposures might also have effects on mutation rates (14) that could increase the probability of de novo resistance arising for fluoroquinolones.
More work is needed to understand the ramifications, if any, for nonlethal concentrations of residual antibiotics. Despite the caveats outlined above we submit that from a policy perspective it would be prudent to understand the differential fate of antibiotics in soil and develop policies accordingly. For example, concern about antibiotics that are easily neutralized (e.g., tetracycline and neomycin) would be better focused on cephalosporins and florfenicols, which are more likely to remain biologically active for extended periods in soils. Indeed, preliminary data from our lab show that florfenicol, in particular, has a long half-life in soils. While our data indicate that a number of antibiotics are neutralized in soils, the accumulation of antibiotics that remain biologically active is a potentially significant concern.
